Introduction
Risk assessment of hazardous wastes sites subject to cleanup under provisions of the Comprehensive Environmental Response, Compensation, and Liability Act as administered by the US Environmental Protection Agency (EPA) often requires characterization of the dermal availability of chemical contaminants in soil and/or sediment. Current EPA guidance for assessment of dermal exposures to contaminants in water and soil (USEPA, 2004) was issued in 2001 and finalized in 2004 as a supplement (Part E) to the Risk Assessment Guidance for Superfund. The soil protocol presented in that document is dependent in part on results from the relatively few empirical investigations of dermal absorption of soil-and sediment-borne contaminants that have been published to date and does not provide recommendations for all types of compounds. The protocol for water, however, utilizes a regression of experimentally determined permeabilities on molecular weight and octanolwater partition coefficient (K ow ) to provide estimates for unstudied compounds. That regression, the modified PottsGuy equation, was derived from in vitro experiments with 90 different compounds using a common methodology (human cadaver skin and steady-state conditions).
Investigations of dermal absorption from soil have been conducted with fewer compounds (33 organic and 4 inorganic) than those from water. In addition, a variety of methodologies have been used, including some with obvious flaws. Comparison across soil studies is therefore difficult. The critical review presented here was initiated on the premise that it would be desirable to have a means of estimating skin permeability from soil analogous to the one available for water, and that examination of available data is the logical first step.
Terminology
Although standard definitions of dermal exposure have been proposed (Zartarian et al., 1997; IPCS, 2002) , usage of the term ''dermal absorption'' is not consistent in the literature. Some authors consider only penetration to subcutaneous circulation (or surrogate phase) to be absorption. Others include material remaining in or on the skin after surface washing. The former practice can lead to substantial underestimation of actual uptake. In many cases material in the skin would eventually (within days) be systemically absorbed and should properly be counted as absorbed. Under some circumstances, loss of residue in the skin to volatilization or desquamation could potentially mitigate underestimation resulting from failure to account for such material. In scenarios in which dermal absorption from soil is likely to be a contributor to human health risk, the outcome of concern is typically not acute toxicity, so whether penetration takes minutes or hours is probably not important. The substances for which dermal dose from soil is most likely to be significant are lipophilic compounds that are relatively long lived in the environment, accumulate in the body, and present a chronic (e.g., carcinogenic) risk. In such cases, inclusion of skin burden is appropriate. (In practice, material accounted for as residual in the skin may include material actually still on the skin, but not removed by washing.) However, in some types of experiments skin depot is not determined (e.g., in vivo studies in humans or surrogate species that are not killed), precluding inclusion. In such cases, mass accounting cannot be directly assessed unless excretion is nearly complete in the monitoring period. Adjustment for excretion following i.v. or oral administration may be employed, but adds uncertainty (especially if the fraction excreted is low) and presumes no difference in excretory pattern following dermal and reference administration.
Literature Summaries
A total of 41 studies (as described in 46 published articles and abstracts) of dermal absorption from soil, utilizing a variety of experimental methods and various (mostly organic) compounds, have been examined. Table 1 lists the investigations that have been reviewed along with certain study characteristics such as compound(s), species, skin site, study type(s), and sample size. Approaches employed by various research groups have been highly variable. One goal of this review is to encourage standardization of methodology for empirical investigations of dermal absorption from soil, an outcome that has already been largely achieved in studies of absorption from water.
Summarized methodologies for reviewed studies are presented below in chronological order by each study group's first publication. Investigations by research groups have been combined together for this purpose because several research groups performed multiple experiments with very similar methodologies. Most of the studies were conducted in vivo with rats, mice, or monkeys or in vitro or ex vivo with human cadaver or pig skin. Contaminants possessing a wide range of physical and chemical properties, including solvents, explosives, and inorganic metals, have been investigated. Poiger and Schlatter (1980) In Vivo: Rat Dermal absorption of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) from soil was examined using hairless rats. Soil, taken from an uncontaminated region of Seveso, Italy and with unspecified organic carbon content, was first passed through a 160-mm sieve and then further ground with mortar and pestle to unknown final particle size. The soil was suspended in a solution of radiolabeled TCDD in methanol for an unspecified period. The methanol was subsequently removed by rotary evaporation. Within 10-15 h, 75 mg of a soil/water paste (50 mg dry soil mass; TCDD concentrations of 0.5, 7, and 26 p.p.m.) was applied to a 3-to 4-cm 2 area on the backs of rats and covered with an elastic bandage. After 24 h of skin contact, the animals were killed, and their livers (only) were analyzed for TCDD by liquid scintillation counting. Overall absorption was estimated based on presumed fractional retention in liver. Shu et al. (1988) In Vivo: Rat Radiolabeled TCDD was administered to the soil in a (7:3 v:v) hexane:methylene chloride solution. TCDD-contaminated soil was applied to the backs of male Sprague-Dawley and hairless rats at concentrations of 0.01 or 0.1 p.p.m. and at a soil loading of 21 mg/cm 2 over a 12-cm 2 area. The organic carbon content of the soil was not reported, but the soil was sieved to give a particle size less than 425 mm. Soil was applied to the dosing site, rubbed gently (by otherwise unspecified means), and then covered with a non-occlusive perforated aluminum eye protector. At the end of the 24-h experiment, the skin was washed with soap and water. At 48 h the rats were killed, and their livers were digested and analyzed by liquid scintillation counting. Skowronski et al. (1988 Skowronski et al. ( , 1989 Skowronski et al. ( , 1990 ; Abdel- ; Abdel-Rahman et al. (1992) In Vivo: Rat Three very similar in vivo studies were conducted using male Sprague-Dawley rats with the solvents benzene, toluene, and m-xylene. Two soils described as having organic carbon contents of 4.4% and 1.6% and particle sizes in the 50-500 mm range were employed. Although the soils were characterized as having no particles less than 50 mm, no mention of sieving to exclude fines was made. One of the soils was further described as 22% clay. (The term clay may be used to describe either a size range, typically a maximum particle size of 2 mm, or mineralogical composition. Usage in this case is unclear and may refer to presieved soil.) Soil was applied to a 13-cm 2 area of abdominal skin at loads of 58-77 mg/cm 2 . In these experiments a shallow glass cap was fixed to the skin, and both the soil and the target solvents were apparently added by syringe through an opening that was then sealed. Whether soil and solvent were first mixed and then applied or applied sequentially is not stated clearly, but no description of mixing is provided. USEPA (1992) has interpreted the protocol as Dermal absorption of environmental contaminants Spalt et al. Rahman et al. (1992) m-xylene Rat Abdomen In vivo 6 Abdel- Rahman et al. (1997) Nickel Pig Abdomen In vitro 10-17 Abdel- Rahman et al. (1999) Phenanthrene Pig Abdomen In vitro 9-16 Abdel- Rahman et al. (1999) Arsenic Pig Abdomen In vitro 9-16 Abdel- Rahman et al. (1999) Nickel Pig Abdomen In vitro 9-16 Abdel- Rahman et al. (2002) Benzo(a)pyrene Pig Abdomen In vitro 8-14 Abdel- Rahman et al. (2004) Toluene Pig Abdomen In vitro 9-13 Abdel- Rahman et al. (2005) Arsenic Pig Abdomen In vitro 10-14 Abdel- Rahman et al. (2005) Mercury Pig Abdomen In vitro 8-14 Abdel- Rahman et al. (2005) Nickel Pig Abdomen In vitro 10-17 Bunge et al. (2005) 4-cyanophenol Human forearm In vivo 6 Duff and Kissel (1996) 2,4-D Human Abdomen
In vitro 4-6 Duff and Kissel (1996) Lindane Human Abdomen In vitro 4-6 Hughes et al. (1995) Arsenic The animals were anesthetized during the cap attachment and during periodic blood draws, but it is not clear whether the animals were anesthetized during the entirety of the experiments. Urine, feces, blood, and expired air samples were collected at intervals throughout the experiments. At the conclusion (72 h for benzene and mxylene, 48 h for toluene), ethanol was introduced through the glass cap and the animals were rotated from side to side to rinse the skin. After removal of the glass cap and soil, multiple tissue samples were collected including treated and untreated skin and internal organs. Urine was extracted by ethyl acetate and then analyzed by high-performance liquid chromatography (HPLC). The method for analysis of expired air is not found in the dermal papers, but was described in a previous oral exposure protocol . Vapors were subjected to sequential trapping in activated charcoal and ethanolamine/ethylene glycol (1:2 v:v). Charcoal was extracted, feces were homogenized, and tissues were digested and then all samples, plus blood, were analyzed for 14 C by liquid scintillation. Mean overall mass recoveries were not formally stated. Substantial losses (39-67%), attributed to volatilization, were reported for benzene and toluene. Reported fractions excreted (urine, feces, expired air) were ''corrected'' for volatilization losses, but still typically did not add to 100%. Masses recovered in tissue were reported as percent of initial dose per gram of tissue, but tissue weights were not reported. Turkall et al. (1994) ; Kadry et al. (1995) In Vivo: Rat In vivo studies, similar to earlier investigations with solvents , were conducted using the polyaromatic hydrocarbons naphthalene and phenanthrene. Concentrations in the soils (which were the same soils used in previous studies) were 57 p.p.m. for naphthalene and 185 p.p.m. for phenanthrene, and soil loads were about 58 mg/cm 2 . The same procedure involving placement of a glass cap on the skin before application of soil and chemical as described above was employed. (As in previous papers, descriptions of agent-soil mixing are incomplete and ambiguous.) Urine, feces, blood, and expired air samples were collected during the experiments, and at the conclusion (48 h for naphthalene, 96 h for phenanthrene), skin was rinsed with ethanol. Tissue samples were then taken and analyzed for radioactivity in the same manner as the earlier studies. In the naphthalenefrom-soil experiments, most of the label was captured in the urine and mean overall recoveries were apparently about 90%. In contrast only about 50% of phenanthrene could be accounted for in the corresponding experiments. Skowronski et al. (1994) In Vitro: Pig In vitro investigations of absorption of phenol were conducted using the same soils as earlier experiments (e.g., Skowronski et al., 1988) . Teflon flowthrough diffusion cells were employed with two different receptor fluids: either 6% aqueous solution of Volpo-20 with thimerosal or HEPES-buffered Hanks' balanced salt solution (HHBSS) containing gentimicin sulfate and 10% fetal bovine serum. Radiolabeled phenol was added to a 0.64-cm 2 area of 200-mm thick York-Hampshire costo-abdominal skin on a diffusion cell after the addition of 30 mg of soil. The study lasted 16 h with samples of receptor fluid taken regularly (every 30 min for the first 2 h and every 2 h thereafter for the Volpo-20 experiments, and every 4 h for the HHBSS experiments). At the conclusion of the experiment, a stream of air was drawn across the surface and into an activated charcoal air trap for 1 h (but no results were reported for this sample) and then the skin was washed with soap and deionized water. Receptor fluids, cell and skin washes, and skin digests were all analyzed for radioactivity using HPLC Roy TA, personal communication (2002) .
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or liquid scintillation counting. Overall mass recoveries were not explicitly reported.
Abdel- Rahman et al. (1997) In Vitro: Pig A study similar to the one made with phenol was conducted using radiolabeled nickel (as nickel chloride). The same soils, skin sources, and diffusion cells were used in this experiment, but only one receptor fluid was used: HHBSS containing 10% fetal bovine serum. In addition to applying nickel immediately to soil atop the skin, soil aged with nickel was also used in these experiments. For 6 months, soil mixed with nickel at a concentration of 2.4 p.p.m. was aged at either room temperature (2-251C) or refrigerated (2-41C). The receptor fluid was sampled at 15-min intervals for the first hour, at 1, 1.5, and 2 h, and then every 2 h. At the end of the 16-h contact period, the skin was washed by sequential rinsing with soap solution (once) and deionized water (twice). Solubilized skin and the receptor fluid were analyzed for radioactivity by liquid scintillation counting.
Abdel- Rahman et al. (1999 Rahman et al. ( , 2002 Rahman et al. ( , 2004 Rahman et al. ( , 2005 ; Skowronski et al. (2000) In Vitro: Pig Studies very similar to the ones conducted by Skowronski et al. (1994) and Abdel-Rahman et al. (1997) using phenol and nickel respectively were conducted to assess dermal absorption of chemicals from soil contaminated with radiolabeled nickel, arsenic, mercury, phenanthrene, benzoa-pyrene (BaP), or toluene. The same soils, skin sources, and diffusion cells were used in these experiments, but as for the nickel study, only one receptor fluid was used: HHBSS containing 10% fetal bovine serum. For these experiments, deionized water was added to the soil to achieve 11% moisture content. Additionally, both freshly contaminated and aged soils were used for experiments with each contaminant. For the freshly spiked samples, soil was first placed on the skin and then the contaminants were added in ethanol. For the aging process, each soil was mixed at contaminant concentrations ranging from 2.4 to 72,000 p.p.m. and aged for 3 months. In the case of toluene, between 64% and 95% of the chemical evaporated over the aging process. After exposure, skin was washed with soap and water. The analytical protocol was described only in the 2004 and 2005 papers. According to those documents, solubilized skin and receptor fluid were counted in a liquid scintillation counter (Abdel-Rahman et al., 2004 . Yang et al. (1989) ; Roy et al. (1990b) The soil was sieved so that all particles were 150 mm or less in size. The organic content of the soil was reported to be 1.64%, but it is unclear whether this is pre-or postsieving.
BaP was added to the soil in dichloromethane, which was subsequently removed by rotary evaporation.
In Vivo: Rat Soil containing 1 p.p.m. BaP was applied to a 7-cm 2 area on the backs of female Sprague-Dawley rats at a soil loading of 9 mg/cm 2 . The experiments lasted 96 h during which urine and feces were collected daily. At the end of the experiment, samples of liver, kidney, small and large intestine, stomach, bladder, and blood were collected and radioactivity was determined by liquid scintillation counting in each tissue as well as in urine and feces samples.
In Vitro: Rat Contaminated soil at 1 p.p.m. BaP was applied to a 1.77-cm 2 area of female Sprague-Dawley rat dorsal skin dermatomed to approximately 350 mm. An aqueous solution of 6% Volpo-20 with 0.01% thimerosal was used as the receptor fluid in Franz diffusion cells. Receptor fluid was sampled once a day for the duration of the study (4 days). Soil was applied to the skin at loadings of 9 or 56 mg/cm 2 . (The former was reported as monolayer by the authors but probably represented supermonolayer conditions; see discussion of layering below.) Roy et al. (1990a) ; USEPA (1991) Low (f oc ¼ 0.005) and high (f oc ¼ 0.11) organic carbon soils were sieved to exclude particles greater than 150 mm. It is not clear whether the organic contents reported were pre-or postsieving. Tritium-labeled TCDD and 14 C-labeled 3,3 0 ,4,4 0 -tetrachlorobiphenyl (TCB) were mixed with the soil using acetone as a vehicle.
In Vivo: Rat Soils containing 1 p.p.m. of TCDD or 1000 p.p.m. TCB were applied to a 7-cm 2 area of the backs of female Sprague-Dawley rats at a loading of approximately 10 mg/cm 2 . The experiments lasted 96 h with excreta collected once per 24-h period. At the end of the exposure period, the skin site was cleaned and then the animals were killed. Feces, tissue samples, and the carcass were combusted, and then analyzed along with skin wash and urine by liquid scintillation counting.
In Vitro: Rat Soils at concentrations of 1 and 1000 p.p.m.
of TCDD and TCB, respectively, were placed onto 1.77 cm 2 of full thickness female Sprague-Dawley rat skin on Franz diffusion cells with 6% Volpo-20 and 0.01% thimerosal used as the receptor fluid. Soil loads were 10 mg/cm 2 . The receptor fluid was sampled at 1, 2, 4, 8, 16, 24, 48, 72 , and 96 h after application. At 96 h, the skin was cleaned, and the skin, receptor fluid, and skin wash were analyzed by liquid scintillation counting.
In Vitro: Human The in vitro human skin studies were methodologically the same as the in vitro rat studies except Dermal absorption of environmental contaminants Spalt et al.
that human skin was used and the soil loads were lower (6 mg/cm 2 ).
Roy et al. (1998)
In Vitro: Human Roy et al. conducted in vitro experiments on the dermal absorption of BaP from contaminated soil using human cadaver skin dermatomed to 350 mm. The organic content of the soil was not reported. After sieving the soil to less than 150 mm, radiolabeled BaP was mixed with soil using hexane as a vehicle to obtain concentrations of 14-2400 p.p.m. The contaminated soil was immediately applied to the 1.8-cm 2 diffusion cell at a load of 25 mg/cm 2 . The receptor fluid in the (Franz) diffusion cells was an aqueous solution of 6% Volpo-20 and 0.01% thimerosal antibacterial agent. The experiments lasted 144 h. The receptor fluid was sampled at 1, 3, 5, 7, 24, 48, 72, 96, 120 , and 144 h, and along with the cleaned skin it was analyzed for radioactivity by liquid scintillation counting. Skin treatment before scintillation counting was not reported.
Roy and Singh (2001)
In Vitro: Human The soil was sieved to contain only the sub-150-mm fraction, which had an organic carbon content of 0.43%. This in vitro study used human cadavaric abdominal skin with a thickness of 350 mm at four different soil loadings: 1, 2.5, 5, and 10 mg/cm 2 . The soil was spiked with coal tar to obtain a BaP concentration of 65 p.p.m. Aliquots of this soil were then spiked with tritium-labeled BaP before the start of the 125-h experiments. The effect of soil-agent contact time was investigated by aging the soil for 1, 45, or 110 days. For all experiments, Franz diffusion cells with receptor fluid of 6% Volpo-20 and 0.01% thimerosal antibacterial agent were used. Samples of the receptor fluid were taken at hours 1, 3, 5, 7, 24, 48, 72, and 96 , and these were analyzed for radioactivity by liquid scintillation counting. Wester et al. (1990 Wester et al. ( , 1992a Wester et al. ( , b, 1993a Wester et al. ( , b, c, 1995 Wester et al. ( , 1996 All the Wester et al. studies were conducted using a single soil, described as having an organic carbon content of 0.9%. (It was not reported whether that organic carbon content was assessed before or after sieving.) The soil used passed a 48-mesh sieve, and was retained on a 80-mesh sieve, giving a particle size range of 180-300 mm. In their numerous published studies, Wester et al. report In Vivo: Rhesus Monkey Four female rhesus monkeys were used in all in vivo experiments except for DDT (in which n was 3). The animals were placed in metabolic chairs, and contaminated soil was applied to a 12-cm 2 shaved area of the abdomen and covered with an ostensibly non-occlusive cover made of two eye guards sandwiching a water vapor permeable membrane (Gore-Tex). The monkeys were able to access food and water but were restricted from touching the exposed area. Most exposures lasted 24 h, but those with 2,4-D lasted 8, 16, or 24 h. Urine (and feces in the case of the PCBs) was collected for 6 days after the end of the exposures for all contaminants except the PCBs, for which excreta were collected for 34 days. Urine samples (and trapped combustion products of feces in the case of PCBs) were analyzed by liquid scintillation counting. Total urinary (and fecal in the case of PCBs) excretion following topical exposure was adjusted using the fraction of administered dose excreted following intravenous exposure to estimate absorption. Whether the same animals were used in the dermal and intravenous experiments was not reported.
In Vitro: Human In the in vitro studies, two to four human cadaver skin sources with three to six replicates were used. Diffusion cells (1-cm 2 ) of the flow-through design were used with either human plasma or buffered saline solution as the receptor fluid. All exposures lasted 24 h except the cadmium experiments in which exposure time was 16 h. At the end of the experiment, the skin was washed, and then the solubilized skin, receptor fluid, and skin washes were analyzed for radioactivity by liquid scintillation counting. ; ; Hughes et al. (1995) In vitro: Mouse Rahman et al. examined dermal absorption of arsenic (as sodium arsenate, mono-and disodium methanearsenate, and dimethylarsinic acid) from a soil that had been sieved to retain particles of 180 mm or less. The soil composition included 1.4% organic carbon, though it is not clear whether that analysis reflects pre-or postsieved soil. The soil was prepared a half-hour before use and the experiments lasted 24 h. Radiolabeled arsenic was Dermal absorption of environmental contaminants Spalt et al.
added (at concentrations ranging from 0.36-6900 p.p.m.) to the soil in ethanol. Full thickness dorsal skin from female B6C3F 1 mice was clipped and placed into a flow-through diffusion cell system. The diffusion cell area was 0.64 cm 2 , and the receptor fluid used was HHBSS. Soil was applied at a loading of 23 mg/cm 2 . At the termination of the experiments, the skin was washed three to six times, and skin combustion products, receptor fluid, and skin washes were analyzed for arsenic-derived radioactivity in a liquid scintillation counter. Moody and Chu (1995) In Vitro: Guinea Pig and Human In these 24-h in vitro experiments radiolabeled BaP, naphthalene, and phenanthrene were applied in a Great Lake sediment slurry to 0.64 cm 2 of 300-mm thick guinea pig skin (and human skin in the case of phenanthrene) in Bronaugh flow-through Teflon permeation cells with HHBSS as a receptor fluid. Sediment characteristics and solids content of the slurry were not reported. Contaminant concentration, reported only for phenanthrene, was expressed as mass per total slurry mass (sediment plus water). Results from these experiments, which are largely uninterpretable, were added to a review paper without a corresponding description of methods in either that paper or any previous publication. Duff and Kissel (1996) In Vitro: Human Dermal absorption experiments using two chemicals, two soils, and three soil loads were carried out with a static in vitro diffusion cell system using full thickness human abdominal cadaver skin. The air trap was filled with Tenax and air-flow controlled by a personal sampler pump. The receptor fluid consisted of Eagle's MEM plus 20% horse serum. The sub-150-mm fraction of two soils with postsieving organic contents of 3.87% and 0.73% were used for these experiments. Three different soil loadings, 1, 5, and 10 mg/ cm 2 , were used with two different chemicals, 2,4-D (at 5 p.p.m.) and lindane (at 10 p.p.m.). Soil was mixed with 14 C-labeled lindane (in n-hexane) and 2,4-D (in 50:50 methanol/dichloromethane) overnight and then retained for up to 19 days before use. Experiments were run for 24 h with an exposed area of 5 cm 2 . At the end of the exposure period, the skin was washed, and residues in the Tenax, the receptor fluid, the skin washes, and solubilized skin were assessed by liquid scintillation counting. Counts from the skin and receptor fluid were added to determine absorption. Overall mass recoveries were calculated, and data were discarded from individual experiments with less than 80% recovery.
Qiao et al. (1997)
In Vivo: Pig The soil used in this experiment was sieved to exclude the supra-180 mm fraction, and was described as having an f oc of 0.003. Whether f oc was determined before or after sieving was not reported. Three female 8-to 10-weekold Yorkshire-Landrace cross pigs were used in each of three experiments (defined as occlusive, non-occlusive, and occlusive-antibiotic). In each, 13 mg/cm 2 as slurry (7 mg/ cm 2 by dry mass) of 3000-p.p.m. radiolabeled PCP contaminated soil (initially mixed using ethanol as a vehicle) was applied to a 7.5-cm 2 dosing area on the lateral abdomen. The pigs were housed in individual metabolism cages. The soil used in the antibiotic experiment contained neomyocin sulfate, bacitracin, and polymixin B. The exposure site was then covered with a glass chamber positioned by Elasticon tape. In the non-occlusive experiment, this chamber had 3-mm diameter holes and was covered by 150-mesh nylon sieve screening (with 106-mm openings). Throughout the 408-h experiment, blood samples were taken, and feces and urine were collected. At the termination of the exposure, the animals were killed and the skin was decontaminated by swabbing. Tape stripping was conducted at the dosing site to sample the stratum corneum specifically. Skin, subcutaneous fat, and muscle samples at the site and adjacent to the site, as well as blood, excreta, and most organs, were combusted in a tissue oxidizer, and then recovered 14 C was counted by liquid scintillation. Total mass recovery was much lower in the non-occlusive experiment than in the occlusive experiments.
Qiao and Riviere (2000)
Ex Vivo: Pig The same type of animals and soil were used as in the earlier Qiao et al. (1997) in vivo study. However, this experiment investigated the dermal absorption of C 14 -labeled TCB from soil ex vivo using an isolated, blood-perfused skin flap. TCB was added to soil at 3000 p.p.m., using acetone as a vehicle. Between 65 and 70 mg of soil were applied within 2 min of preparation to a 5-cm 2 area of the skin flap. Exposures were either unoccluded or occluded with Parafilm. The exposure lasted 8 h with venous samples taken every 30 min. At the conclusion of the experiment, the dosed skin was swabbed twice, and the stratum corneum was sampled by 12 sequential applications of adhesive tape. The center of the dosed skin was collected for tissue sectioning whereas the rest was weighed and digested before oxidation in a sample oxidizer and 14 C counting in a liquid scintillation counter. Average recoveries were poor (less than 65%) in both occluded and non-occluded soil experiments. Poet et al. (2000a Poet et al. ( , b, 2002 The soil used for these experiments was sieved such that particle size ranged from 180 to 425 mm. The organic carbon fraction was 0.013, though it is not clear whether this value applies to the soil pre-or postsieving. The chemicals investigated were methyl chloroform, trichloroethylene (TCE) and perchloroethylene (PCE). Soil-chemical contact time was not reported in the studies using methyl chloroform or TCE. PCE was mixed with soil overnight in a tightly sealed container with minimal headspace.
In Vivo: Rat Three to five male F344 rats were used in each experiment at each dose. Two types of experiments were conducted: one that simulated occluded exposures and another that simulated non-occluded exposures. For the experiments performed with methyl chloroform, only the non-occluded protocol was utilized. In the non-occluded experiments, between 0.5 and 5 g of soil at concentrations averaging up to 53,000 p.p.m. were applied to the back of each rat. (The soils with methyl chloroform ranged in concentration from 370 to 5700 p.p.m., though results were presented only as an average.) A transparent vaporpermeable dressing was placed over the soil. The dressing was covered with activated charcoal and secured with a nonocclusive self-adherent wrap. At the conclusion of the exposure, the charcoal was analyzed for methyl chloroform, PCE, or TCE in order to evaluate evaporation losses. For the occluded experiments, 5 g of contaminated soil at concentrations between 5000 and 50,000 p.p.m. was placed on the skin and covered with a glass cell, which was glued to the skin. Immediately after application in both experiment types, individual rats were placed in off-gassing chambers. Each exposure lasted between 2.5 and 5 h. Methyl chloroform, PCE, or TCE was measured in exhaled breath, and a physiologically based pharmacokinetic (PBPK) model was used to estimate dermal absorption.
In Vivo: Human Two types of experiments using human subjects were conducted. The first, involving TCE only, employed a patch system using methods similar to that of the occluded rat exposures. Each subject had two patches on each arm, with a total mass of 80 g of soil over a surface area of 50.2 cm 2 . The second protocol used a hand immersion process in which subjects placed one whole hand into 4 kg of soil contaminated at target concentrations of 30,000 (for PCE), 7500 (for methyl chloroform), or 5000 (for TCE) p.p.m. with each exposure lasting 2 h. Subjects in all experiments wore a facemask with a two-way non-rebreathing valve intended to prevent possible inhalation exposures. Exhaled air was analyzed for methyl chloroform, PCE, or TCE, and as with the rats, a PBPK model was used to estimate mass absorbed.
Mayes et al. (2002)
In Vivo: Rhesus Monkey Four randomly assigned groups of four rhesus monkeys were exposed to radiolabeled PCB mixture Aroclor 1260 either intravenously or dermally through contaminated soil for 45 days. Animals were housed alone for the first 35 days of the experiment and then in pairs for the last 10 days. The soil used was passed through sieves so that particle size was less than 150 mm, and the fine fraction used had an f oc of 0.087. An aqueous slurry of the soil was swirled in a glass vessel containing the Aroclor 1260 for 48 h and then it was air dried. Soil was then aged for either 7 or 88 days before use. Soil (500 mg) contaminated at 70 p.p.m. was placed onto 12 cm 2 of each animal's chest/ abdomen area. The soil was lightly compressed and covered with two aluminum eye patches with a sheet of vapor Goretex in between. The animals were fitted with non-occlusive mesh Lomir injection jackets. At the end of the exposure period (either 12 or 24 h), with the animals under light anesthesia, all visible soil was removed and the skin site was washed. Urine and feces were collected and weighed once daily for 45 days (except for the 12-h exposure in which urine and feces were measured twice during the first 24-h period). Cages were periodically washed, and both the wash solution and the debris were collected as well. Excreta samples taken after day 35 were analyzed as a composite of a pair of animals. All samples were analyzed by liquid scintillation counting. Percent dose absorbed was adjusted by dividing the percent of the topical dose excreted by the fraction of the intravenous dose excreted.
Reifenrath et al. (2002)
In Vitro: Pig Reifenrath et al. investigated dermal absorption of explosives and related compounds (hexahydro-1,3,5,7-tetranitro-1,3,5-triazine (RDX), 2,2-thiobis(ethanol) (TDG), trinitrobenzene (TNB), dinitrotoluene (2,4-DNT and 2,6-DNT), dinitrotoluene (2-amino-4,6-DNT and 4-amino-2,6-DNT), nitrotoluene (2,4-diamino-6NT and 2,6-diamino-4NT), trinitrotoluene (2,4,6-TNT), N-methyl-N,2,4,6-tetra-nitrobenzamine (tetryl), and octahydro-1,3,5,7-tetrazocine (HMX)) in soil using low volume flow in vitro diffusion cells with a tissue culture medium in the penetration cell. Three different soils were used. Two of the soils were ground with a mortar and pestle to pass through an 80-mesh (180 mm) sieve. These soils were described as having total carbon fractions of 0.095 and 0.019. Organic carbon fractions were not reported and total carbon values were not specified as pre-or postsieving. Radiolabeled explosive compounds were added to the soils in either ethanol or methanol to obtain soils with concentrations between 351 and 1621 p.p.m. Soil aliquots were loaded onto 0.8 cm 2 of dorsal skin from female Yorkshire pigs with thickness of 500-900 mm at loadings of 6.9-17.4 mg/cm 2 . Three to six replicates of each soil/chemical combination were analyzed. Before application of soil, 5 ml of artificial sweat was deposited on the skin surface. The diffusion cells were mechanically ventilated and the exhaust was directed through Tenax traps. At the conclusion of the 24-h experiments, the skin area was vacuumed with a small tube connected to a vacuum pump and then twice tape-stripped to remove soil particles. The heat-separated epidermis and dermis were Dermal absorption of environmental contaminants Spalt et al.
solubilized or minced and extracted. Analysis of skin derivatives and receptor fluid samples was by liquid scintillation counting, HPLC or TLC. Additional trials were conducted using a third soil (with organic matter ''generally'' less than 0.5%, ''nearly 100%'' of mass less than 425 mm, and ''about 30%'' less than 75 mm) to assess the effect of soil load on fractional absorption. Concentrations ranging from 1000 to 22,000 p.p.m. and loads ranging from 1.7 to 10 mg/cm 2 were employed. Lowney et al. (2005 Lowney et al. ( , 2007 Arsenic from pesticide production had been deposited in the New York soil between 30 and 60 years before experimentation. Aging in the Colorado soil was not estimated. All experiments were conducted with soils sieved to contain only the sub-150-mm fraction. Soil was applied to a 100-cm 2 area of the skin (specified as abdominal skin in the 2007 study) at a nominal loading of 4 mg/cm 2 and exposures lasted 8 h. In the 2007 experiments, the application site was covered with a layer of Tegaderm and then wrapped with Spandage Instant Stretch bandage. The 2007 study included experiments conducted with ''dry'' (not otherwise specified) soil and with soil having moisture content estimated as 20-30% (achieved by misting after dry soil was applied to the skin). Monkeys were fed a low arsenic diet for 7 days before dosing, and urine was collected for 48 h before (to account for background) and at least 96 h after dosing. Urine was analyzed for total arsenic and corrections were made for excretion from an intravenous dose of sodium arsenate heptahydrate in deionized water.
Touraille et al. (2005)
In Vitro: Mouse The test soil was sieved to less than 250 mm. The postsieving f oc was 0.011. A mixture of 14 Clabeled 4-cyanophenol dissolved in an ethanol/water (90:10) solution was added to soil, equilibrated for 24 h, and then dried overnight. Two sets of experiments were conducted: one with variable loading rates and another with variable concentrations. Full thickness hairless mouse skin samples (0.95 cm 2 ) were used in non-occluded flow-through diffusion cells with phosphate-buffered saline solution as the receptor fluid. The receptor fluid was sampled every half hour for the first 3 hours and then every hour until the end of the experiment at 24 h. At the conclusion of the experiment, the skin was washed three times and along with the skin wash and receptor fluid, analyzed by liquid scintillation counting.
Bunge et al. (2005)
In Vivo: Human The same soil employed by Touraille et al. (2005) was used. A mixture of 14 C-labeled 4-cyanophenol (10 ml) dissolved in an ethanol/water (90:10) solution was added to 5 g of soil, dried overnight and then mixed vigorously for 30 min. The final concentration of 50,000 mg/kg was stated to be above the soil saturation limit. Soil, above monolayer loading, was applied to a 16-cm 2 area of the ventral forearm of human volunteers and covered with a non-occlusive dressing. After 45, 120, or 180 min, the skin was cleaned using either dry cotton swabs and compressed air or water-moistened cotton swabs. Then, the skin was tapestripped up to 20 times, and transdermal water loss was measured. The concentration of 4-cyanophenol in each tape strip was determined by attenuated total reflectance-Fourier transform infrared spectroscopy.
Relevant phenomenological concepts
Dermal absorption of chemicals from soil is potentially affected by a variety of physical and chemical factors including: layering, particle size distribution, sorption capacity, soil-chemical contact (i.e., ''aging'') time, and contaminated soil-skin contact (i.e., exposure) time. Reported results may also reflect some particular limitations of either in vivo or in vitro experimentation. These factors are discussed below and then related criteria are used to evaluate the current literature.
Layering Effects
Results of absorption experiments have traditionally been reported as percent of initial contaminant load absorbed in a fixed time frame. Both logic and empirical evidence demonstrate that this absorption metric is dependent on loading configuration. Monolayer coverage is defined as complete coverage of skin with a single layer of soil particles. for simplification. Real soil layers consist of heterogeneously sized irregular particles. Assuming solid spherical soil particles and face-centered packing, the mass of soil required to provide monolayer coverage can be estimated (Duff and Kissel 1996) as:
where SL monolayer is the soil load (mg/cm 2 ) representing a monolayer, r particle is the particle density of the soil (mg/ cm 3 ), and d is particle diameter (cm). As soil particles are not actually uniformly sized spheres, output from Eq. (1) is approximate. Nevertheless conceptualization of soil layers on skin in this manner is useful and does provide an explanation for observed empirical results discussed below. One consequence is that the mass of soil required to cover a given area of skin is related to the particle size of the soil (see Figure 2 ).
In the idealized case, absorptive flux of a compound that does not readily volatilize would be expected to increase with increasing mass loading until surface coverage is complete. (Note that lateral chemical transport may render coverage effectively complete at some point short of what would appear visually to be full coverage.) Once the involved interfacial area is maximized, flux should no longer increase with increased mass loading. Therefore, if absorption is expressed as a percent or fraction of total contaminant loading, absorption should logically decrease with increasing soil loading (for a given soil concentration) above nominal monolayer loading. Actual soil loads, except in the case of very wet soils or sediments, typically occur at levels that represent on average less than monolayer coverage (Kissel et al., 1996a (Kissel et al., , 1998 Holmes et al., 1999; Choate et al., 2006) . Underestimation of predicted dose could occur if results from supermonolayer laboratory experiments expressed as percent absorbed were applied directly in exposure/risk assessment scenarios involving monolayer or submonolayer coverage. Because of potential for artificial suppression of apparent dermal availability by experimental application of many layers of soil, EPA's 1992 guidance for dermal exposure assessment (USEPA 1992) discussed use of a correction factor for experimental results obtained at soil loads greater than monolayer equivalent to the following:
in which ABS is the fractional absorption efficiency (À), SL experiment is the soil load employed experimentally (mg/cm 2 ), and 5 mg/cm 2 represents an estimate of the soil load that would provide nominal monolayer coverage. As shown above (Eq. (1)), the mass of soil required to provide monolayer coverage is not constant, but depends on soil grain size (and density). Duff and Kissel (1996) recommended alteration of Eq. 2 as follows:
Readers should note that Eqs. (2), (3) are not applicable to experimental results obtained at submonolayer loadings which do not require adjustment if expressed as fraction absorbed (and if the soil load is uniformly distributedFa condition hard to achieve in practice). If actual soil loads are supermonolayer, which is not assumed to be the case in EPA guidance but might occur in scenarios involving wet soils or sediments, direct use of percent absorbed data from valid monolayer results in risk assessment could lead to overprediction of dose. Some confusion on these points is evident in the literature. For example, Wester et al. (1996) have criticized use of Eq. 2 based on results, expressed as percent absorbed, that they obtained for 2,4-D at soil loads of 1 and 40 mg/cm 2 (in vivo), and 5, 10, and 40 mg/cm 2 (in vitro):
''It then becomes the practice in estimating potential health hazard to assume linearity and divide the results for 40 mg by a soil adherence factor, thus reducing estimated body burden by 1/40 or 5/40, etc. (USEPA, 1992) . The data generated here for 2,4-D, where soil load (range 1-40 mg) had no effect on percutaneous absorption, suggest that this mathematical practice can severely underestimate absorption.'' Note that (1) Wester et al. are referring to their finding of no effect on percutaneous absorption expressed as percent in the above paragraph, and (2) they misstate their own conclusion in referring to reduction by 1/40 or 5/40, which would be a trivial adjustment, when they mean reduction to 1/40 or 5/40 of the observed result. More importantly, two significant logical errors are evident in the cited paragraph. (Wester et al., 1996; Wester and Maibach, 1998 Wester and Maibach, 2001) .
Empirical evidence of layering effects has been provided by Yang et al. (1989) , Duff and Kissel (1996) , Roy and Singh (2001) , and Touraille et al. (2005) . The first three investigations employed soils sieved to less than 150 mm, which should result in monolayer coverage at less than 2 mg/cm 2 (based on a geometric mean diameter roughly estimated as the square root of 1 times 150). Touraille et al. (2005) utilized a soil that was sub-250 mm, which might have a slightly higher monolayer coverage depending on relative fraction of fines. (Ultimately it is the fines that determine the minimum mass needed for coverage. Typical whole loamy soils have many particles in the 10 mm range. Per Eq. (1), uniform spheres of that diameter with a density of 2.65 g/cm 3 would constitute a monolayer at 1.4 mg/cm 2 .) Yang et al. (1989) investigated absorption of BaP from soil at two loadings, 9 and 56 mg/cm 2 , both of which would be expected to exceed monolayer for a soil with a maximum particle size of 150 mm. Absorption in 96 h was 8.4% and 1.3% for 9 and 56 mg/cm 2 , respectively (this difference was reported as significant although variance was not explicitly stated in the original paper), whereas the absolute mass absorbed was essentially identical at 1.3 ng. These results demonstrate that, above monolayer, adding soil proportionately reduces percent absorption of the contaminant. Loadings of 1, 5, and 10 mg/cm 2 were subsequently applied in experiments conducted by Duff and Kissel (1996) at four different loadings: 1, 2.5, 5, and 10 mg/cm 2 . They reported that percent absorbed was approximately constant across the two lowest loadings and then decreased at the highest two loadings, although the differences were not significant at the 0.05-level. Touraille and colleagues investigated absorption of 4-cyanophenol at loadings of 5, 11, 38, and 148 mg/cm 2 and exposure times of 8 and 24 h. They found that absorption expressed as percent significantly decreased with increasing soil load at both time points. Cumulative flux was constant across soil loadings at 8 h. At 24 h, a small difference in cumulative flux could be seen between the lowest and highest soil load experiments, an effect likely due to depletion in the low-load case (in which absorption approached 50%).
In contrast, two research teams have reported failure to find a loading effect. As noted above, Wester et al.'s (1996) results for 2,4-D do not actually contradict the layering effect hypothesis. Interpreted correctly, their results merely confirm that there is no layering effect in the absence of layering. A portion of the results reported by Reifenrath et al. (2002) also appears to conflict with previous evidence on the effect of loading on absorption. Fractional absorption of TNT apparently did not differ in a statistically significant fashion among the three soil loads employed (1.7, 5.3, and 10 mg/ cm 2 ). However, it is quite likely that at least two of the three, if not all three, soil loads used represented no more than monolayer coverage. The loading trials were conducted using only one of the three soils studied. That soil was incompletely described, but was reported to be nearly 100% particles less than 425 mm with only about 30% particles smaller than 75 mm. The soil was further characterized as a mix of fine sand and loamy fine sand, suggesting the presence of relatively little mass contribution from sub-50 mm particles. (The USDA lower limit for very fine sand is 50 mm.) Using Eq. (1), the larger (75-425 mm) particles (assuming a median diameter of about 179 mm) would require about 25 mg/cm 2 to provide a monolayer, so they might have covered only about one quarter to one-third (i.e., 7/25) of the skin surface at the highest load and lesser amounts (1.2 or 3.7/25) at the lower loads. As the sub-75 mm particles represented only about 30% of the total mass, finer particle loads in this experiment were on the order of 0.5, 1.6, and 3 mg/cm 2 . Fifty micrometer silica sand spheres would form a monolayer at about 7 mg/cm 2 . Therefore, even with the contribution of the more coarse particles, total coverage may not have been much more than monolayer in the highest load experiment. It is plausible that Reifenrath et al., like Wester et al., did not select a range of soil loads well suited to test a layering effect given the soil they employed.
A further complication in both the Wester et al. and Reifenrath et al. variable soil loading experiments is that chemical concentration was not held constant. As a result chemical concentrations at low soil loadings likely exceeded saturation concentrations for the soils used. At the 1.7 and 5.3 mg/cm 2 soil loads, Reifenrath et al. applied TNT to soil at about 20,000 p.p.m., an amount likely to be greatly in excess of saturation (given the low f oc soil employed). If exposed skin was proportional to soil loading in those two experiments, similar fractional absorption would be expected. The 10 mg/cm 2 experiment was run at roughly 1000 p.p.m. TNT, a concentration less likely to represent supersaturation.
To the extent possible, results from the studies that have addressed layering are presented in Figures 3 and 4 . The number of soil layers on the skin was estimated by dividing the soil loadings used by an estimated monolayer soil load (Eq. (1) does not appear to have been propagated correctly, so uncertainty may be understated in some cases.) As can be seen in these figures, percent absorbed typically remains constant as loadings increase up until a monolayer is reached, and then percent absorbed decreases. The opposite effect occurs with flux, which increases as more of the skin surface is covered until complete coverage occurs and then levels off once monolayer is reached. Location of apparent inflection points on either side of 1.0 layer can be explained by (1) the approximate nature of Eq. (1), and (2) the discrete rather than continuous nature of the available data.
Particle Size
Unless soil is wet, smaller particles tend to preferentially adhere to human skin (Driver et al., 1989; Sheppard and Evenden 1994; Kissel et al., 1996b; Choate et al., 2006) . As noted in the previous section, particle size distribution determines the mass of soil necessary to provide skin coverage, and layering impacts absorption efficiency. In addition, particle size and shape may affect contact transfer and certainly can impact soil porosity, which could influence diffusive transfer. Exclusion of fine particles and/or retention of coarse particles may therefore alter soil properties in ways that distort results of absorption experiments. Retention of fines is straightforward, but exclusion of coarse material requires selection of a size cutoff. Sieving to exclude particles greater than 150 mm is common in many environmental health applications, perhaps due to the results published by Driver et al. (1989) . More recent investigations suggest that an even smaller cutoff size might be appropriate. Kissel et al. (1996a) conducted post-adherence sieving on three soils and found strong selection for adherence of sub-65 mm particles under drier conditions in two of the three soils. Choate et al.
(2006) examined two soils at three moisture levels and concluded that adhered fractions generally consisted of sub-63 mm particles at each of the two lower moisture levels investigated. (Readers are referred to the original articles for more specific details regarding moisture levels. Moistureholding capacity varies with soil type and the weight fraction of water at which transition from ''dry'' to ''wet'' behavior occurs is therefore also variable.)
Additional properties of soils including their capacity to sorb chemical contaminants may also vary with particle size. A particle size-concentration effect in which higher contaminant concentrations are associated with finer soil materials has been observed Evenden 1992, 1994; Lewis et al., 1999) , and is generally assumed to be related to the increased surface area to mass ratio of smaller particles (and an implicit assumption that organic carbon is uniformly distributed on surfaces).
Sorption Capacity
The capacity of soils to sorb chemicals is finite. Just as chemicals have water solubility limits, they also have saturation limits in soil. If the soil saturation limit is exceeded, a free chemical phase will be present and available for absorption. Results obtained in the presence of free chemical do not represent measurement of absorption from soil but rather from neat compound. Soil saturation limits are Figure 3 . Effect of soil loading on absorption expressed as percent efficiency. The graphs show data using (a) 2,4-D (Wester et al, 1996) , (b) BaP (Yang et al, 1989 ; standard deviations were not provided in the paper, but were obtained from the authors), (c) BaP (Roy and Singh, 2001 ), (d) lindane (Duff and Kissel, 1996) , (e) 2,4-D (Duff and Kissel, 1996) , and (f) 4-cyanophenol . Error bars represent 95% confidence intervals on means.
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typically not available but can be roughly estimated from water solubility and soil/water partition coefficient using the following two equations:
where K d is the soil/water partition coefficient (ml/g); f oc is the fraction of organic carbon in the soil; K oc is the organic carbon/ water partition coefficient; C soil,sat is the saturation limit of the contaminant in soil (mg/kg); and C w,sat is the saturation limit of the contaminant in water or solubility (mg/l). Implicit in Eq. (4) are assumptions that sorption occurs in the organic carbon fraction and not on inorganic surfaces, and that K oc does not vary with contaminant concentration or type of organic carbon. It is therefore not applicable if the potential sorbate is ionized or if the soil has very low organic carbon or substantial clay mineral content. Even in the absence of such conditions, estimates of C soil,sat are uncertain because C w,sat and K oc are uncertain. Estimates of C w,sat and K oc should not be assumed to deviate less than a factor of 10 from actual values (Lyman et al., 1982) . Even if experimental values are available, differences in experimental conditions can render a given value substantially uncertain (Lyman et al., 1982) . Investigators wishing to examine absorption from soil should therefore conduct their experiments at concentrations well below estimated saturation limits. In contrast, and as shown in Duff and Kissel (1996) , (d) 2,4-D data from Duff and Kissel (1996) , (e) 4-cyanophenol data (8-h contact) from Touraille et al (2005) , and (f) 4-cyanophenol data (24-h contact) from Touraille et al (2005) . Data from Wester et al. (1996) not shown because chemical concentrations in soil were not held constant as soil loadings increased. Error bars represent 95% confidence intervals on means.
Dermal absorption of environmental contaminants Spalt et al. Table 2 , exceedance of estimated C soil,sat is not uncommon in the dermal absorption literature.
Soil-Chemical Contact Time
Sorption of chemicals by soil particles is not instantaneous. Much attention to the kinetics of sorption can be found in the soil remediation and groundwater contaminant transfer literature (Alexander, 2000) . In that literature, the term ''aging'' is used to characterize soil-chemical contact time and typically refers to periods of months to years. Less cognizance of relevant issues is evident in the literature reviewed here. For convenience dermal absorption studies often utilize very short soil-chemical contact times before application of the amended soil to skin. (In the extreme case, this contact time is zero.) In this context, ''aging'' may be a misnomer. In any case, the duration of this contact should be uniform across studies that are to be directly compared (unless it is the effect of contact time/aging that is being examined). Properties of the chemical and the soil influence the effect of contact time. Some compounds require long periods of time (months) to reach true equilibrium with soil. At a minimum, soil-agent contact time in absorption studies must be sufficient to (1) permit adequate mixing of agent and soil so that the chemical is well distributed, and (2) permit adequate time for the solvent vehicle (if any) to evaporate. If residual solvent is present, absorption will likely not be solely (and perhaps not even significantly) from soil.
An effect of aging time in soil can be seen in the results of Roy and Singh (2001) in which absorption of BaP from soil amended with NIST coal tar reference material was evaluated in vitro at 1, 45, and 110 days after the addition of the coal tar. Absorption was determined as cumulative mass of BaP in the receptor fluid. Two analytical procedures were used: HPLC and counting of ''freshly added'' tritiated BaP. In the case of 1 day of aging, both tritiated BaP and ''cold'' coal tar were added to the soil approximately 24 h in advance. At the later aging times the tritiated BaP was added the same day as the soil was placed on skin (after an otherwise unspecified contact time), which complicates interpretation of the radiolabel results. In addition, individual experiments were apparently not replicated as four cells were required to provide results after 24, 48, 96, and 120 h of soil-skin contact. Nevertheless, the HPLC results clearly indicate reduced availability at 110 days versus 1 day of soil-chemical contact.
Abdel-Rahman and colleagues (Abdel- Rahman et al., 1997 Rahman et al., , 1999 Rahman et al., , 2002 Rahman et al., , 2004 Rahman et al., , 2005 Skowronski et al., 2000) also discuss the issue of aging time in their more recent papers. Using an in vitro methodology, they investigated the difference in absorption between soils aged for 3 months and ''freshly contaminated'' soils. Their methodology for the ''freshly contaminated soils'' involved first spreading the soil onto the skin and then adding the contaminant and/or vehicle, providing no soil-chemical contact time. As might be expected, differences in absorption were generally observed between results obtained for the aged soils and those for the ''freshly contaminated'' ones, but the ''freshly contaminated'' protocol cannot be viewed as representing absorption Table 2) . Testing of ''aging'' in supersaturated soils is inappropriate, as free chemical will always be present. Differences attributed to aging in those experiments may merely reflect differences in gross amount of chemical applied directly to skin.
Time Dependence of Absorption
Contaminants probably move from soil into skin through a combination of two processes: contact transfer and diffusion. The first process may occur quickly as contaminants transfer from particles directly touching the skin onto the skin. Diffusion of contaminants in both air-and water-filled pores occurs more slowly but may ultimately account for a much larger percentage of total absorption. Few attempts to differentiate between these two processes have been made. Touraille et al. (2005) did utilize two different contact times (8 and 24 h) and found greater absorption at 24 h than at 8 h. This finding provides preliminary evidence that initial contact transfer is not the only process that contributes to absorption from soil. Future experiments should be conducted with multiple exposure times that range from very short (1-2 h) to longer (48 h) to characterize this effect more completely. Wester et al. (1996) reported disproportionately reduced absorption of 2,4-D following 8 h versus 24 h of exposure to contaminated soil. However, in the absence of assurance that 2,4-D-soil contact time before soil placement on skin was held constant, the meaning of those experiments is unclear. In the same paper, Wester et al. also reported no difference in absorption following 24-h exposure to 2,4-D in soil and to pure 2,4-D deposited in a small amount of acetone, a finding that raises additional questions about the 24-h result. (Actually, fractional absorption from soil loaded at 40 mg/cm 2 appears marginally significantly greater than absorption from acetone deposition in those experiments; see below.)
Limitations of In vivo Experimentation
In vivo experimentation is frequently considered to be superior to in vitro investigation for physiological reasons, but implementation of in vivo protocols requires tradeoffs. First, in vivo experiments typically entail unrealistic exposure conditions. Non-human in vivo studies of absorption from granular material are inherently problematic as movements of non-human subjects are not easily controlled and continuous skin contact with soil is difficult to guarantee. If soil sloughs, an air gap between soil and skin could result and mass transfer conditions could be altered from those intended, rendering interpretation difficult. Clearly sloughing is possible in some of the non-human protocols reported to date (e.g., Wester et al.'s rhesus monkey experiments before 2000). In those experiments the animals were anesthetized before exposure. Soil was applied to the abdomen (typically at a high load of 40 mg/cm 2 of relatively coarse particles) with the animal on its back. The site was covered by a Goretex membrane sandwiched between a pair of aluminum eye guards. The volume of the space under the eye guard sandwich was much larger than the volume of the applied soil. The animal was subsequently placed upright in a restraint chair for 24 h. Soil of the size used and in the amount applied (unless very damp with solvent) would slough spontaneously as the monkey was lifted from the horizontal position. So during the actual exposure period, most of the soil may have been at the bottom of the space between the animal's abdomen and the guard device. Uniform coverage of a vertical surface under the reported conditions is not credible (because fine particles had been eliminated by sieving). As the monkeys were anesthetized and placed in a horizontal position during removal of soil, the soil could have shifted back and appeared to have remained in place. A study conducted by Mayes et al. (2002) that adapted Wester et al.'s protocol has similar problems. In the Mayes et al. experiments, a smaller particle size was used but at the same 40 mg/cm 2 soil load. This represents many layers that would shear easily. In addition, the monkeys were allowed free movement during the exposure period. Monkeys often walk on all fours, and their stomachs are inverted in that posture, which means that most of the soil would likely separate from the skin at those times. It would be reasonable to describe the rhesus monkey experiments conducted by both Wester et al. (prior to 2005) , and Mayes et al. as experiments in which contaminated soil was held in close proximity to, and sometimes touching, the skin rather than as experiments in which soil was placed on skin for known duration.
An alternative to loose loading is tight wrapping of the exposed skin, but this may cause occlusion, which is also undesirable. Recent in vivo investigations Lowney et al., 2007) have employed tight wrapping with a vapor permeable membrane in an attempt to avoid this problem, but in at least one case cleaning of skin after tight wrapping was problematic . Relatively few studies using an in vivo methodology (e.g., the human hand immersion studies by Poet et al., 2000a Poet et al., , b, 2002 provide description of methods sufficient to inspire confidence that continuous soil-skin contact did indeed occur.
A second potential difficulty in in vivo experimentation with animals is prevention of exposure from routes other than dermal absorption. In particular, ingestion or inhalation can be problematic if not addressed in the methodology. Some investigators using rats (e.g., Poet et al., 2000a Poet et al., , b, 2002 ) have placed activated carbon filters above the dosing Dermal absorption of environmental contaminants Spalt et al.
devices mounted on the rats' backs. Such schemes require testing for leakage, but are viable alternatives. Other studies using in vivo protocols have employed no precautions against inhalation of vapors or dust. In the rhesus monkey experiments conducted by Wester et al. (1990 Wester et al. ( , 1992b Wester et al. ( , 1993a Wester et al. ( , b, c, 1996 and Mayes et al. (2002) , no precautions were taken against inhalation of vapors or dust, and no argument was presented that those risks were negligible. Though the majority of the compounds have low volatility and thus inhalation may not have contributed significantly, no mention of this potential exposure was made in the methodological design. Duff and Kissel (1996) found as much as 40% of lindane in a (mechanically ventilated) vapor trap above in vitro diffusion cells after 24-h experiments.
A third limitation involving in vivo experimentation is the inability to directly assay recovery if the animal cannot be killed. When using humans or rhesus monkeys, total recovery cannot be directly measured (unless excretion approaches 100% over a short time frame). Use of correction factors based on elimination of doses administered by another route (e.g., intravenous or oral) permits estimation of overall mass balance, but can introduce substantial additional uncertainty, especially if the fraction of the oral or intravenous dose excreted is low.
Limitations of In vitro Experimentation
The alternative to in vivo experimentation is in vitro experimentation. There are obvious physiological differences between skin in vivo and skin in vitro including the possible loss of metabolic activity. The most commonly mentioned shortcoming involves the potential for flux limitation. Flux limitation can occur if the rate of transport from the skin to the receptor fluid is slower than the rate of transport from soil to skin. This is particularly an issue in in vitro studies using split thickness or whole skin that retains some of the dermis because vascularization of the dermis is lost. However, under some circumstances the capacity for the skin and/or receptor fluid to absorb contaminant will be sufficiently large that the soil-to-skin concentration gradient is not artificially reduced.
Figures 5a and b illustrate this concept graphically using a reservoir analogy. If the capacity of the receiving side is about the same or smaller than that of the discharging side, as in Figure 5a , significant back pressure can result, and the system can quickly become flux limited. On the other hand, Figure 5b shows a situation in which the receiving capacity is much larger than the discharging capacity. In this case, drawdown of the discharging reservoir would result in relatively little elevation gain in the receiving reservoir even in the absence of flow. In the context of chemical transfer experiments, if the product of the fugacity capacity and volume of the receiving phase is large relative to that of the discharging phase, modest reduction in fugacity in the discharging phase will not result in an increase in the receiving phase fugacity large enough to distort the apparent driving force for chemical transfer.
Large soil loadings result in a larger discharge-side reservoir (product of fugacity capacity and volume), decreasing the likelihood of providing excess receptor side capacity. Flux limitation is also more likely to occur if experiments are conducted for longer periods of time in an attempt to reach steady state. However, absorption-from-soil experiments usually cannot be characterized as steady state given exposure times of 24 h or less. Some mitigation of the potential for flux limitation may be achieved by exclusion of the dermis (i.e., use of heat separated skin), use of flow rather than static cells, use of relatively short exposure times and low chemical concentrations, and avoidance of supersaturated and/or inadequately equilibrated soils (the latter conditions being undesirable in any case).
Summary of the experimental literature
In order to facilitate comparison of the summarized studies, a table of methodological parameters was prepared. For the purpose of this listing, investigations were grouped by compound type, which were then broken into categories to ease manipulation and viewing of the data. Riviere, 2000; a portion of the results reported in Roy et al., 1998) . Skowronski et al. (1988 Skowronski et al. ( , 1989 Skowronski et al. ( , 1990 ) used concentrations of benzene, toluene, and m-xylene more than 100 times higher than estimated soil saturation limits (see Table 2 ). Poet et al. (2000b Poet et al. ( , 2002 used maximum concentrations of PCE and TCE approximately 4-80 times estimated soil saturation limits. If the contaminant is available to the skin in neat form, results do not represent absorption from soil. It appears that many of the ostensible investigations of dermal absorption of chemicals from soil reported to date should be more properly viewed as investigations of dermal absorption from pastes of soil and free chemical.
Particle Size
Actual exposures to soil typically involve very small particle sizes, so studies that exclude the smallest soil particles cannot generally mimic real exposure scenarios. The size of the soil particles may affect chemical sorption on soil and transfer of chemical to skin (although such effects have not yet been explicitly studied). Use of soils with unrealistic particle size ranges is commonly reported. Clearly, Wester et al. (1990 Wester et al. ( , 1992a Wester et al. ( , b 1993a Wester et al. ( , b, c, 1995 Wester et al. ( , 1996 and Poet et al. (2000a Poet et al. ( , b, 2002 removed the fine fraction of their soils, and it appears the Skowronski and colleagues did as well (Skowronski et al., , 1989 (Skowronski et al., , 1990 (Skowronski et al., , 2000 Abdel-Rahman et al., 1989 , 2002 Turkall et al., 1994; Kadry et al., 1995) .
Soil-Chemical Contact Time
In much of the reviewed literature there is no description of soil-chemical contact time (i.e., aging) before skin exposure (e.g., Wester et al., 1990 Wester et al., , 1992a Wester et al., , b, 1993a Wester et al., , b, c, 1995 Wester et al., , 1996 Poet et al., 2000a, b; Qiao et al., 1997; Qiao and Riviere, 2000) . Although failure to provide information does not preclude the possibility that experiments were conducted appropriately, it does strongly suggest that these researchers did not consider soil-chemical contact time before exposure to be an important experimental variable. This casts substantial doubt on the validity of the reported results. Wester et al. (1996) found that:
''Absorption levels of pentachlorophenol, chlordane, polychlorinated biphenyls (PCBs), and y 2,4-D are the same from acetone and soil.'' Note that in this context, ''absorption from acetone'' means absorption of the cited compounds after deposition in a small amount of acetone that rapidly evaporated. Therefore Wester et al. are arguing that dermal absorption of the cited chemicals is the same whether in pure form or in soil. This implausible result represents better evidence that the experiments were conducted in a manner inadequate to find an effect than that the fugacity of lipophilic compounds is unaffected by soil. The fact that Wester et al. did not find the same result in vitro (see Figures 6 and 7) casts additional doubt on their in vivo protocol.
Another prolific research group did more fully describe their methods, but in many cases did not allow any time for contaminant-soil equilibration, first applying soil to skin and then applying the contaminant to soil (Skowronski et al., , 1989 (Skowronski et al., , 1990 Abdel-Rahman et al., 1989 Turkall et al., 1994; Kadry et al., 1995; non-aged soils in Skowronski et al., 2000 and Abdel-Rahman et al., 1997 , 2002 .
Soil-Skin Contact
Measures to maintain continuous contact in in vivo experiments are incompletely described in the vast majority of the literature. Application of soil to skin should be in a manner that does not permit the soil to disengage the skin. Dermal exposure of animals in vivo is inherently problematic because Figure 6 . Dermal absorption of organic contaminants from solvent deposition and soil in in vivo (rhesus) studies (Wester et al., 1990 (Wester et al., , 1992b (Wester et al., , 1993a (Wester et al., ,b, 1996 . Error bars represent 95% confidence intervals on means as calculated from reported standard deviations. Reported standard deviations may not reflect appropriately propagated variance in intravenous correction factors and may therefore understate true variance. All soil trials used a soil loading of 40 mg/cm 2 . Figure 7 . Dermal absorption of organic contaminants from solvent and soil in in vitro (human) studies (Wester et al., 1990 (Wester et al., , 1992b (Wester et al., , 1993a (Wester et al., ,b, 1996 . Error bars represent 95% confidence intervals on means as calculated from reported standard deviations. All soil trials used a soil loading of 40 mg/cm 2 . In vitro solvent deposition experiments were not conducted for Aroclor 1242 and 2,4-D, but corresponding soil results are included on the x axis to facilitate comparison with Figure 6 .
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animal movement cannot be completely controlled. Notably, the experiments of Wester et al. (1990 Wester et al. ( , 1992b Wester et al. ( , 1993a Wester et al. ( , b, c, 1996 and Mayes et al. (2002) using rhesus monkeys in vivo involved protocols that would have allowed substantial sloughing of soil. In many of the other published in vivo studies description of methods is insufficient to permit assessment of continuity of contact (Poiger and Schlatter 1980; Shu et al., 1988; AbdelRahman et al., 1992; Skowronski et al., 1988 Skowronski et al., , 1989 Skowronski et al., , 1990 Yang et al., 1989; Roy et al., 1990a, b; USEPA 1991; Turkall et al., 1994; Kadry et al., 1995; Qiao et al., 1997 ). An exception is the in vivo human hand immersion protocol used by Poet et al., (2000a Poet et al., ( , b, 2002 .
Conclusions and recommendations for future dermal absorption studies
Inconsistent and commonly flawed experimental designs and incomplete reporting make interpretation and use of much of the data reported to date describing dermal absorption from soils extremely difficult. A database of studies employing uniform and reproducible methods to characterize transfer of representative chemical compounds into skin from soil and sediment would greatly improve risk assessment of dermal exposures at hazardous waste sites. A standard methodology would logically employ human skin in vitro due to relative ease and cost, avoidance of interspecies extrapolation, and human subjects constraints. An analogous database already exists in the case of dermal absorption from dilute aqueous solution. A small number of human in vivo investigations could be conducted with carefully selected compounds and conditions to assure comparability. Once the database became available, quantitative structure-activity relationships could be generated and used to extrapolate results to additional compounds. If further investment in investigation of dermal absorption from soil is made, the following methodological considerations should be taken into account.
(Recommendations presented here are general guidelines. In no case should any recommendation be interpreted as a bar to comparative investigation of the effect of deviation.)
Particle Size Range
Fine fractions of soils should not be excluded, and coarse particles should not be included, unless particle size is an experimental variable. The currently most common limit of 150 mm is a reasonable cut point for coarse particles based on precedent, but lower upper limits can also be justified.
Soil Load
Potential layering effects should be considered at the design stage. Results should not be reported as unadjusted percent absorbed if applied loads exceed monolayer unless layering is an experimental variable. Because uniform distribution of soil on skin (especially over small areas) is difficult, experiments conducted above monolayer may be appropriate, or even preferred, but results from layered experiments should be reported in terms of flux. If fractional absorptions are reported, adjustment to monolayer equivalent values should be stated explicitly (and include specification of the assumed monolayer load).
Soil Saturation
Chemical concentrations in soil should not approach the estimated solubility of the compound of interest in the test soil. This can be demonstrated by measurements at several soil concentrations or by determination of soil saturation.
Soil-Chemical Contact
At a minimum, thorough blending of the chemical with the soil should be demonstrated. If the target chemical is added to soil by solvent deposition, methods that ensure solvent dissipation before application to skin should be employed. Additional time may be necessary to allow the chemical to equilibrate with the soil, which should be the goal. Time of soil-chemical contact before skin exposure should be uniform across experiments unless soil-chemical contact time is an experimental variable.
Soil-Skin Contact Time
Measurements describing absorption at times less than 24 h and temporal patterns of absorption are critically lacking in the current literature. Incremental data within time frames relevant to soil-contact activities and intervals before washing would be especially valuable.
In Vitro Methodologies
In vitro experiments should be designed such that potential for flux limitation is minimized. This can be accomplished using the epidermis only (i.e., heat-separated skin). Alternatively, if some part of the dermis is retained, the relative capacities of donor and receptor compartments should be evaluated. Design considerations should include modification of experiment duration, soil load, and measurement point.
In Vivo Methodologies
In vivo experimental protocols should provide continuous contact of the soil with the skin site without occlusion. Assurance that exposure by ingestion or inhalation is negligible should be provided by explicitly substantiated argument or physical means.
Reporting
Complete reporting of methodological parameters should be provided including, but not limited to, characteristics of soil as applied (i.e., the minimum and maximum particle sizes, organic carbon content, initial level of hydration), soilchemical and soil-skin contact times, chemical-to-soil and Dermal absorption of environmental contaminants Spalt et al.
soil-to-skin application methods, post-exposure washing methods, and mass recoveries in all compartments before and after any adjustments. If results are corrected for recovery in parallel intravenous or oral studies, parameters derived from those studies, including statistical variability, should be explicitly reported. Mass recovery calculations should be transparent.
